Introduction
============

Lung cancer is a malignant tumor responsible for the highest mortality rate in humans worldwide ([@b1-ijmm-44-06-2276]). Non-small cell lung cancer (NSCLC) is responsible for 80-85% of cases of diagnosed lung cancer ([@b2-ijmm-44-06-2276]). The incidence of lung adenocarcinoma has been increasing in recent years, and despite the application of various methods for treating lung adenocarcinoma, the mortality rate remains high ([@b3-ijmm-44-06-2276]). Although targeted drugs can be used in some cases to treat patients with mutations in genes such as epidermal growth factor receptor and anaplastic lymphoma kinase, the proportion of such patients is limited and drug resistance limits the long-term efficacy of targeted therapy ([@b4-ijmm-44-06-2276]). Therefore, the identification of key genes associated with lung cancer is of great significance for the development of novel therapeutic strategies. The classical Wnt/β-catenin pathway serves a critical role in the multiplication and differentiation of progenitor cells in various adult epithelia ([@b5-ijmm-44-06-2276]). A strong link has been identified between overactivation of the Wnt/β-catenin pathway, and the occurrence and progression of several types of cancer, including colorectal cancer ([@b6-ijmm-44-06-2276]). It was been reported that overactivation of β-catenin in the pulmonary epithelium of genetically engineered mice could induce epithelial differentiation defects, promoting cell multiplication, basal cell amplification and lung tumorigenesis ([@b7-ijmm-44-06-2276]). This previous finding suggested that overactivation of the Wnt/β-catenin pathway may also lead to lung cancer. It has further been shown that the Wnt/β-catenin signaling pathway is extensively involved in NSCLC as a controller of cellular proliferation, apoptosis, differentiation, cell cycle progression, invasion and migration ([@b8-ijmm-44-06-2276]-[@b10-ijmm-44-06-2276]). Epithelial-mesenchymal transition (EMT) is a critical event, characterized by loss of cellular polarity and contact, leading to migration of cancer cells and tumor progression, which is induced by activation of the Wnt/β-catenin pathway ([@b11-ijmm-44-06-2276]-[@b13-ijmm-44-06-2276]). Mutations in β-catenin or adenomatous polyposis coli, which represent the most universal mechanisms underlying abnormal activation of the Wnt/β-catenin pathway, are infrequent in NSCLC ([@b14-ijmm-44-06-2276]). Therefore, the cause of overactivation of the Wnt/β-catenin pathway and its effect on EMT in NSCLC require further exploration.

Replication factor C (RFC) is a component of the eukaryotic DNA polymerase ([@b15-ijmm-44-06-2276]). In all eukaryotic cell cycles, it is essential for DNA duplication, DNA injury repair and checkpoint control ([@b16-ijmm-44-06-2276]-[@b18-ijmm-44-06-2276]). RFC consists of five subunits (RFC1-5). The interrelationships between RFC2, RFC3 and the c-MYC oncogene (transcription factor) can induce cell division and proliferation ([@b19-ijmm-44-06-2276]). With the exception of RFC1, the other four subunits are highly expressed in various malignant tumors ([@b20-ijmm-44-06-2276]-[@b24-ijmm-44-06-2276]). It has been reported that RFC3 can combine with proliferating cell nuclear antigen (PCNA) to form a complex, and decreased expression of RFC3 can restrict the multiplication of cancer cells ([@b25-ijmm-44-06-2276]). Previous studies have demonstrated that RFC3 is associated with liver, breast, esophageal and ovarian cancer, and serves a critical role in cellular proliferation, invasion and metastasis ([@b25-ijmm-44-06-2276]-[@b28-ijmm-44-06-2276]). Notably, 9-cis retinoic acid-activated retinoid X receptor α can inhibit the growth of retinoid-sensitive breast cancer and embryonic cells, and arrest S phase entry by disrupting the RFC3-PCNA complex ([@b29-ijmm-44-06-2276]). These previous findings suggest that RFC3 may be an important cancer antigen; however, the effect of RFC3 on the occurrence and progression of NSCLC remains unclear.

This study explored the expression of RFC3 in NSCLC and corresponding paracancerous tissues, and investigated the association between clinicopathological features and RFC3 expression. Furthermore, MTT, flow cytometry, Boyden chamber and wound-healing assays were performed to explore the effects of RFC3 on proliferation, invasion and migration of A549 and H1299 cells. Western blot analysis was finally applied to confirm that RFC3 induces EMT of lung adenocarcinoma H1299 and A549 cells via the Wnt/β-catenin pathway.

Materials and methods
=====================

Tissue specimens, cell lines and culture conditions
---------------------------------------------------

Tissue samples were obtained from patients with lung adenocarcinoma or squamous cell carcinoma who underwent surgery at The First Affiliated Hospital of China Medical University between March 2010 and June 2013. This study was approved by the Institutional Research Ethics Committee of China Medical University and written informed consent was obtained from all 165 patients. A total of 42 patients with lung squamous cell carcinoma and 123 patients with lung adenocarcinoma were included in this study. Each case comprised cancerous tissue and paracancerous tissue (≥5 cm from the neoplasm border) samples. All samples had complete follow-up data and were pathologically diagnosed with lung squamous cell carcinoma or adenocarcinoma. The NSCLC H460, A549, LK2, H1299, H3255, H1650, H1975 and H292 cell lines were used in this study, and normal human bronchial epithelial 135-E6E7 (HBE135-E6E7) cells were used as a control. The tissue sections were stored in liquid nitrogen. HBE cells were obtained from the Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences. The NSCLC H460, A549, LK2, H1299, H3255, H1650, H1975 and H292 cell lines were acquired from the American Type Culture Collection. HBE, A549 and LK2 cells were cultured in DMEM (cat. no. 10569069; Gibco; Thermo Fisher Scientific, Inc.) and the remaining cell lines were cultured in RPMI-1640 (cat. no. 61870044; Gibco; Thermo Fisher Scientific, Inc.), with all recommended supplements: 10% fetal bovine serum (cat. no. 10099141C), 100 U/ml penicillin and 100 *µ*g/ml streptomycin (cat. no. 15140122) PBS (cat. no. 70013073) and trypsin (cat. no. R001100) (all from Gibco; Thermo Fisher Scientific, Inc.). All cells were maintained in a humidified container with 95% air and 5% CO~2~ at 37°C.

Immunohistochemistry
--------------------

Immunohistochemistry was performed to investigate RFC3 expression in cancerous and paracancerous tissues. The tissues were fixed in 10% formalin for 4 h/mm at room temperature and embed in paraffin blocks. The 4-*µ*m paraffin-embedded sections of lung cancer and paracancerous tissues were prepared and deparaffinized three times in xylene (5 min each time) and were then dehydrated in graded ethanol solutions. The sections were washed twice in 100% ethanol (15 min/wash), then twice in 90% ethanol (15 min/wash). After heat treatment at 95°C for 5 min with 0.01 mol/l citrate buffer (pH 6.0; cat. no. 005000; Thermo Fisher Scientific, Inc.) for antigen retrieval, immunohistochemical analysis of paraffin-embedded sections was performed by incubation with a mouse monoclonal antibody (anti-RFC3; 1:100; cat. no. sc-390293; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature, followed by incubation with a secondary antibody (1:1,000; cat. no. 7076; Cell Signaling Technology, Inc.) for 1 h at room temperature. Finally, the sections were counterstained with hematoxylin for 2 min at room temperature. Rabbit IgG (1:100; cat. no. 3900s; Cell Signaling Technology, Inc.) was employed as a negative control. Two pathologists who were ignorant of the clinical data independently analyzed the immunohistochemistry results. A semi-quantitative method was used to determine the expression levels of RFC3. The proportion and staining intensity of positive cells were scored under a light microscope. The proportion of positive cells was scored as follows: 0, 0; 1, 1-25; 2, 26-50; 3, 51-75; and 4, 76-100%; the positive staining intensity was scored as follows: 0, no staining; 1, light brown staining; 2, moderate brown staining; 3, dark brown staining. The final score was obtained by multiplying the two results for each sample; scores ranged between 0 and 12. Receiver operating characteristic curve analysis was performed to determine the cut-off scores for low or high RFC3 expression. All samples were separated into low expression (0-4) or high expression ([@b5-ijmm-44-06-2276]-[@b12-ijmm-44-06-2276]) groups.

Cell transfection for overexpression and knockdown of RFC3
----------------------------------------------------------

A549 cells were treated with 0.25% trypsin and evenly inoculated in 6-well culture plates at a density of 1.5×10^5^ cells/well. After incubation at constant temperature (37°C, 5% CO~2~), cells were transfected once they adhered to the plates. Cells were starved of serum for 1 h prior to transfection. The transfection mixture consisted of serum-free medium, 2.5 *µ*g/ml RFC3 plasmid (cat. no. RC201655; OriGene Technologies, Inc.) or control plasmid (cat. no. PS100001; OriGene Technologies, Inc.), and Lipofectamine^®^ 3000 (cat. no. L3000150; Invitrogen; Thermo Fisher Scientific, Inc.), and was added to the wells drop-wise. The culture plate was then gently shaken and incubated at constant temperature (37°C, 5% CO~2~) for 5 h. The transfection media were then discarded, and DMEM containing 10% fetal calf serum (Gibco; Thermo Fisher Scientific, Inc.) was added for further culture (37°C, 5% CO~2~, 24 h).

H1299 cells were digested with 0.25% trypsin and evenly inoculated into 6-well culture plates at a density of 1×10^5^ cells/well. Following incubation at constant temperature (37°C, 5% CO~2~), cells were transfected once they adhered to the plates. Cells were starved of serum for 1 h prior to transfection. The transfection mixture consisted of serum-free medium, 100 nmol RFC3 small interfering (si)RNA (cat. no. sc-37635; Santa Cruz Biotechnology, Inc.) or control siRNA (cat. no. sc-37007; Santa Cruz Biotechnology, Inc.), and DHARMAFECT (cat. no. T-2001-02; GE Healthcare Dharmacon, Inc.), and was added to the wells dropwise. The culture plate was then gently shaken and incubated at constant temperature (37°C, 5% CO~2~) for 5 h. Transfection media were discarded and RPMI-1640 medium containing 10% fetal calf serum was added for further culture (37°C, 5% CO~2~, 48 h).

Western blot analysis
---------------------

Cells were rinsed with PBS three times. After removing the buffer, cells were collected in a culture bottle. The prepared lysis buffer (cat. no. FNN0021; Thermo Fisher Scientific, Inc.) was added to the culture bottle, and cell lysis was allowed to occur on ice for 30 min. Protein concentration in the supernatants was determined using a BCA kit (Pierce; Thermo Fisher Scientific, Inc.). Proteins (20 *µ*g/lane) were separated by SDS-PAGE using 10% gels and were transferred to PVDF membranes (EMD Millipore) for analysis. The PVDF membranes were then transferred to 0.05% Tween-TBS (TTBS) and rinsed for 5 min; this was repeated three times. PVDF membranes were blocked with 5% milk in TTBS for 1 h at room temperature, and were probed with primary antibodies against RFC3 (1:500; cat. no. sc-390293; Santa Cruz Biotechnology, Inc.), Vimentin (1:1,000, cat. no. 5741S; Cell Signaling Technology, Inc.), N-cadherin (1:1,000, cat. no. 13116S, Cell Signaling Technology, Inc.), E-cadherin (1:1,000, cat. no. 14472S; Cell Signaling Technology, Inc.), phosphorylated (p)-glycogen synthase kinase 3 (GSK3)-β (Ser9) (1:1,000, cat. no. 5558S; Cell Signaling Technology, Inc.), β-catenin (1:1,000, cat. no. 8480S, Cell Signaling Technology, Inc.), GSK3-β (1:1,000, cat. no. 12456S; Cell Signaling Technology, Inc.), c-MYC (1:1,000, cat. no. 13987S; Cell Signaling Technology, Inc.), Wnt1 (1:1,000, cat. no. 27935-1-AP; Proteintech Group, Inc.), and GAPDH (1:1,000, cat. no. 5174S; Cell Signaling Technology, Inc.) or actin (1:2,000, cat. no. 3700S; Cell Signaling Technology, Inc.) overnight at 4°C. Subsequently, the PVDF membranes were rinsed with TTBS three times prior to incubation with horse anti-mouse IgG-HRP (1:2,000; cat. no. 7076V; Cell Signaling Technology, Inc.) or goat anti-rabbit IgG-HRP (1:2,000; cat. no. 7074V; Cell Signaling Technology, Inc.) secondary antibodies at indoor temperature for 2 h. The PVDF membranes were finally rinsed three times and observed with an ECL kit (Thermo Fisher Scientific, Inc.). The intensity of each protein band was semi-quantified using image analysis software (ImageJ; National Institutes of Health).

Cell growth curve analysis
--------------------------

The MTT assay was used to observe the effects of RFC3 upregulation or downregulation on lung adenocarcinoma cell proliferation. After A549 and H1299 cells were transfected for 48 h, they were transferred to 96-well plates; cell density was maintained at \~2,000 cells per well. At scheduled times on days 1-5, 5 mg/ml MTT solution was added to each well, and the reaction was allowed to occur at 37°C for 4 h. Subsequently, DMSO was added to the wells. The absorbance of each well was calculated using a microplate reader at a wavelength of 490 nm.

Flow cytometry
--------------

To detect the proportion of cells in different stages of the cell cycle and apoptotic cells, flow cytometry (FACSCalibur; BD Biosciences) was conducted. A total of 3 days post-transfection, the A549 and H1299 cells were collected, rinsed with PBS and treated with 75% ethanol at 4°C for 2 h. After washing with PBS, the cells were incubated with 200 *µ*g/ml RNAse (cat. no. 10109134001; Sigma-Aldrich; Merck KGaA) for 20 min at room temperature and stained with 1 *µ*g/ml propidium iodide (PI; BD Biosciences) in 1 ml PBS at 4°C for 30 min. Subsequently, the cell cycle was measured by flow cytometry. Cell apoptosis was detected after washing with 500 *µ*l PBS. Briefly, 10% Annexin V-FITC (BD Biosciences) and 50 *µ*g/ml PI staining was performed for 15 min in the dark at room temperature. To promote apoptosis, A549 cells were treated with paclitaxel (Shanghai YuanYe Bio-Technology Co. Ltd.) at a final concentration of 50 nM, followed by incubation for 18 h at 37°C. In addition, H1299 cells were treated with erlotinib (MAYA Reagent) at a final concentration of 2 *µ*M and were incubated for 18 h at 37°C. Apoptosis was measured by flow cytometry using a FACSCalibur analysis system (BD Biosciences). Data were analyzed with Modfit 2.0 (Verity Software House, Inc.).

Boyden chamber assay
--------------------

Cell invasion and migration were analyzed using Transwell assays. For the migration analysis, 1×10^5^ cells were added to the upper Boyden chamber. After 24 h, non-migrating cells were removed from the upper chamber with a soft cotton swab and the cells that had migrated to the lower chamber were stained with hematoxylin for 15 min at room temperature and counted under light microscopy. For the invasion analysis, the upper Boyden chamber was precoated with 50 mg/l Matrigel (BD Biosciences) prior to the addition of 1×10^5^/ml cells to the upper chamber. The other steps remained almost the same as for the migration analysis. Finally, the cells that had invaded into the lower chamber through the membranes were stained with hematoxylin for 15 min at room temperature and counted under light microscopy.

Wound-healing assay
-------------------

Cells were transferred to 6-well plates at 5×10^5^ cells/well and allowed to reach 90% confluence. A single layer of cells was scratched in a straight line using a 10-*µ*l pipette tip and was washed with PBS. Subsequently, the plates were cultured in serum-free medium at 37°C for 48 h. The width of the healing monolayer wound was recorded after 0 and 48 h. Quantitative analysis of the wound area from three independent experiments was performed using ImageJ software with the macro MRI Wound Healing Tool. Migration rate was presented as a percentage of the initial wound area: Wound area (%)=(wound area at 0 h-wound area at 48 h)/wound area at 0 hx100. 0 h is the time when the scratch was initially created; 48 is 48 h after scratch creation.

Statistical analysis
--------------------

Each experiment was repeated at least three times. The immunohistochemistry results were assessed using χ^2^ test, whereas the other results were assessed using Student\'s t-test or one-way ANOVA, in order to examine the differences between groups, and data were expressed as the mean ± SD. Multiple comparisons between the groups were performed using the S-N-K method. Repeated-measures two-way ANOVA was used to determine whether there were statistical differences between the growth curves. Cox regression was employed for univariate and multivariate analyses. The overall survival rate was assessed by Kaplan-Meier survival analysis and compared with the log-rank test. SPSS 23.0 (SPSS, Inc.) was employed for statistical analysis, and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

RFC3 expression in lung cancer specimens
----------------------------------------

RFC3 exhibited high expression in lung adenocarcinoma and RFC3 expression was associated with clinicopathological characteristics; this was not observed in lung squamous cell carcinoma. RFC3 expression was measured in various tissues, as shown in [Figs. 1](#f1-ijmm-44-06-2276){ref-type="fig"} and [2](#f2-ijmm-44-06-2276){ref-type="fig"}; and [Table I](#tI-ijmm-44-06-2276){ref-type="table"}. RFC3 expression in 123 lung adenocarcinoma specimens was significantly higher than in the corresponding non-neoplastic lung tissues (P\<0.0001). However, no significant differences were found in 42 cases of lung squamous cell carcinoma (P=0.533). The association between RFC3 expression and the clinicopathological characteristics of 123 patients with lung adenocarcinoma, including sex, age, smoking history, TNM classification ([@b30-ijmm-44-06-2276]), differentiation, tumor size and node status, is presented in [Table II](#tII-ijmm-44-06-2276){ref-type="table"}. RFC3 expression was markedly associated with TNM classification, differentiation and node status. Univariate analysis revealed that RFC3 expression, TNM classification, differentiation, tumor size and node status had significant effects on overall survival in patients with lung adenocarcinoma. The expression of RFC3, differentiation and node status were confirmed as critical independent risk factors by multivariate analysis ([Table III](#tIII-ijmm-44-06-2276){ref-type="table"}). Kaplan-Meier analysis indicated that high RFC3 expression could lead to a poor prognosis in cases of lung adenocarcinoma; similar results were determined in analysis of disease-free survival ([Fig. 3](#f3-ijmm-44-06-2276){ref-type="fig"}; P\<0.05). In 42 cases of lung squamous cell carcinoma, univariate analysis revealed that RFC3 expression had no significant effect on prognosis (P=0.57; data not shown). The expression of RFC3 in three cases of lung adenocarcinoma and corresponding normal lung tissues was evaluated by western blotting. The protein expression levels of RFC3 in cancer tissues were higher than in normal lung tissues; these findings were consistent with the immunohisto-chemistry results ([Fig. 4A](#f4-ijmm-44-06-2276){ref-type="fig"}). RFC expression in NSCLC cell lines and the HBE cell line was evaluated by western blotting ([Fig. 4B](#f4-ijmm-44-06-2276){ref-type="fig"}). RFC3 expression in the lung adenocarcinoma A549 cell line was slightly lower than that in HBE, but no significant difference was found (P=0.1049). RFC3 expression in the lung squamous cell carcinoma LK2 cell line was slightly higher than that in HBE, but no significant difference was found (P=0.7724). RFC3 expression in the other NSCLC cell lines was significantly higher than that in HBE cells (P\<0.05).

Role of RFC3 in cell proliferation, cell cycle progression and apoptosis
------------------------------------------------------------------------

Based on the aforementioned results, a plasmid containing cloned RFC3 cDNA was transfected into the A549 cell line to induce overexpression of RFC3. In addition, a RFC3 siRNA was transfected into the H1299 cell line to knock down RFC3. Western blotting was employed to verify the effects ([Fig. 5](#f5-ijmm-44-06-2276){ref-type="fig"}). As shown in [Fig. S1](#SD1-ijmm-44-06-2276){ref-type="supplementary-material"}, the proliferative ability of H1299 and A549 cells was not significantly affected by overexpression or knockdown of RFC3 compared with in the control groups (P\>0.05). Flow cytometry revealed that the percentage of A549 cells in G~0~/G~1~ stage was decreased when RFC3 was overexpressed, whereas the percentage of S stage cells was increased, indicating that RFC3 overexpression induced more cells to enter S stage from G~1~ stage (P\<0.05). The proportion of H1299 cells in G~0~/G~1~ stage was increased when RFC3 was knocked down, whereas the proportion of S stage cells was decreased, indicating that more cells were arrested at G~0~/G~1~ stage after RFC3 was knocked down (P\<0.05; [Fig. S2](#SD1-ijmm-44-06-2276){ref-type="supplementary-material"}). Although fewer apoptotic cells were detected in the A549 cell line when RFC3 was overexpressed, the difference was not significant compared with in the control group (P=0.2666). In addition, more apoptotic cells were detected in the H1299 cell line when RFC3 was knocked down in comparison with the control group (P\<0.01; [Fig. S3](#SD1-ijmm-44-06-2276){ref-type="supplementary-material"}). When paclitaxel was added to the A549 cell line to induce apoptosis, fewer apoptotic cells were detected in the A549 cell line when RFC3 was overexpressed in comparison with the control group (P\<0.01). Conversely, when erlotinib was added to the H1299 cell line to induce apoptosis, more apoptotic cells were detected in the H1299 cell line when RFC3 was knocked down in comparison with the control group (P\<0.05; [Fig. S4](#SD1-ijmm-44-06-2276){ref-type="supplementary-material"}).

Effects of RFC3 on cell invasion and migration
----------------------------------------------

The Boyden chamber assay indicated that the invasion and migration of A549 cells was significantly increased following overexpression of RFC3 (P\<0.05), whereas the invasion and migration of H1299 cells was significantly decreased after RFC3 downregulation (P\<0.05; [Figs. 6](#f6-ijmm-44-06-2276){ref-type="fig"} and [7](#f7-ijmm-44-06-2276){ref-type="fig"}). The wound-healing assay demonstrated that the migration rate of A549 cells following overexpression of RFC3 was markedly higher than that in the control group (P\<0.05), indicating that the migratory ability of A549 cells was increased ([Fig. 8](#f8-ijmm-44-06-2276){ref-type="fig"}). Conversely, after the knockdown of RFC3, the opposite result was observed in H1299 cells (P\<0.05; [Fig. 9](#f9-ijmm-44-06-2276){ref-type="fig"}).

RFC3 induces EMT in lung adenocarcinoma cells via the Wnt/β-catenin pathway
---------------------------------------------------------------------------

Western blotting was employed to detect alterations in the expression of proteins associated with the Wnt/β-catenin signaling pathway and EMT in A549 cells transfected with the RFC3 overexpression plasmid and H1299 cells transfected with the RFC3 siRNA. After the overexpression of RFC3 in A549 cells, the expression levels of Wnt1, β-catenin, c-MYC, N-cadherin, Vimentin and the ratio of p-GSK3-β (Ser9)/GSK3-β were increased, whereas E-cadherin expression was decreased. However, following RFC3 knockdown in H1299 cells, the expression levels of Wnt1, N-cadherin, β-catenin, Vimentin, c-MYC and the ratio of p-GSK3-β (Ser9)/GSK3-β were decreased, whereas E-cadherin expression was increased. These results suggested that RFC3 may trigger the Wnt/β-catenin signaling pathway in A549 and H1299 cells and promote lung adenocarcinoma migration and invasion through EMT ([Fig. 10](#f10-ijmm-44-06-2276){ref-type="fig"}).

Discussion
==========

NSCLC is the main cause of malignant tumor-associated mortality in humans and adenocarcinoma is the main subtype worldwide ([@b1-ijmm-44-06-2276]). Novel diagnostic and therapeutic technologies have been developed; however, overall survival and prognosis are still poor ([@b2-ijmm-44-06-2276],[@b3-ijmm-44-06-2276]). Therefore, it is important to identify new biomarkers and pathways for the treatment of lung adenocarcinoma. In several types of malignant tumor, RFC3 is overexpressed and is associated with the regulation of tumor development through various mechanisms, as observed in triple-negative breast cancer, ovarian cancer, esophageal cancer and liver cancer ([@b25-ijmm-44-06-2276]-[@b28-ijmm-44-06-2276]). However, it has also been reported that RFC3 mutations in gastric and colorectal cancer result in downregulation of expression or loss of function ([@b31-ijmm-44-06-2276]). These findings indicated that RFC3 might serve different roles in different types of cancer. Therefore, the mechanism and function of RFC3 in NSCLC remains to be elucidated.

Through immunohistochemistry, this study revealed that RFC3 expression was markedly higher in lung adenocarcinoma tissue compared with in corresponding paracancerous lung tissue, and RFC3 expression was significantly associated with clinicopathological characteristics; these findings were not observed in lung squamous cell carcinoma. Notably, RFC3 expression was markedly associated with TNM classification, differentiation and node status in lung adenocarcinoma. Furthermore, RFC3 expression was determined to be a critical independent risk factor through multivariate analysis. Kaplan-Meier analysis indicated that RFC3 overexpression could lead to a poor prognosis in patients with lung adenocarcinoma, and similar results were obtained in analysis of disease-free survival. These results demonstrated that RFC3 may present prognostic value in human lung adenocarcinoma. The outcomes of this research were highly similar to findings obtained in triple-negative breast cancer, esophageal cancer, ovarian cancer and liver cancer ([@b25-ijmm-44-06-2276]-[@b28-ijmm-44-06-2276]). However, to the best of our knowledge, RFC3 has not been reported as an independent risk factor in lung adenocarcinoma. Unlike triple-negative breast cancer, RFC3 expression was not related to the size of lung adenocarcinoma (P=0.127) ([@b25-ijmm-44-06-2276]), which suggests that RFC3 may not be associated with the proliferation of lung adenocarcinoma cells.

In the present cell line experiments, the highest expression of RFC3 was detected in H292 cells and the second highest in H460 cells. However, H292 and H460 cells are a mucoepidermoid carcinoma of the bronchus cell line and a large-cell lung cancer cell line, respectively. The incidence of these cancers is much lower than that of lung adenocarcinoma; therefore, their value for further clinical research is limited. Finally, the lung adenocarcinoma H1299 cell line was selected for use in the present study for the RFC3 knockdown experiment; this cell line exhibited the third highest expression of RFC3. Previous studies have observed changes in cell biological behavior after knocking down RFC3 ([@b25-ijmm-44-06-2276]-[@b28-ijmm-44-06-2276]). In addition, RFC3 overexpression was induced in A549 cells with low basal expression, in order to observe changes in their biological behavior. The proliferative abilities of A549 and H1299 cells were not significantly affected by overexpression or knockdown of RFC3 compared with in the control groups. These findings confirmed that RFC3 may not be associated with the proliferation of lung adenocarcinoma cells. However, previous studies have reported that the proliferation curve is significantly decreased when RFC3 is knocked down ([@b25-ijmm-44-06-2276]-[@b28-ijmm-44-06-2276]) in the following cell lines: Liver cancer SMMC-7721, ovarian cancer OVCAR-3, breast cancer MDA-MB-231 and MDA-MB-468, and esophageal cancer, OE33 and OE19. The difference in these findings might suggest that RFC3 serves different roles in cancer cell proliferation in different types of cancer.

Flow cytometry suggested that upregulation of RFC3 resulted in a greater number of cells entering S phase from G~1~ phase in A549 cells, whereas downregulation of RFC3 resulted in a greater number of cells arrested at G~0~/G~1~ phase in H1299 cells; however, no significant change in the ratio of cells in G~2~/M stage was found. The proportion of G~0~/G~1~ and S phase cells was altered by only \~4%; therefore, it was hypothesized that RFC3 may exert a certain effect on the cell cycle progression of lung adenocarcinoma, but this effect is weaker than that on liver cancer and ovarian cancer. Notably, hepatocellular and ovarian cancer cell lines were arrested in S phase after RFC3 knockdown ([@b26-ijmm-44-06-2276],[@b27-ijmm-44-06-2276]). Changes in some cell cycle regulatory proteins have been detected after RFC3 knockdown in hepatocellular carcinoma cell lines, which explains why the hepatocellular carcinoma cell cycle was arrested in S stage after RFC3 knockdown in this previous study ([@b26-ijmm-44-06-2276]). The present study demonstrated that upregulation of RFC3 or knockdown of RFC3 could result in corresponding changes in the downstream protein c-MYC in the Wnt/β-catenin pathway. Notably, c-MYC can promote cell cycle G~1~-S progression ([@b32-ijmm-44-06-2276]-[@b34-ijmm-44-06-2276]). Unlike the effects on hepatocellular carcinoma cells ([@b26-ijmm-44-06-2276]), in this study, the effects of RFC3 on the cell cycle progression of lung adenocarcinoma resulted in G~1~-S progression, not S-G~2~ progression. Why RFC3 has different effects on the cell cycle progression of hepatocellular carcinoma and lung adenocarcinoma cells requires further study.

Upregulation of RFC3 reduced apoptosis in the A549 cell line; however, the difference was not significant when compared with the control group. When paclitaxel was added to the A549 cell line to induce apoptosis, overexpression of RFC3 more obviously reduced apoptosis in the A549 cell line; this finding was statistically significant. Whether or not erlotinib was added to H1299 cells to induce apoptosis, knockdown of RFC3 resulted in a significant increase in apoptosis. However, the percentage of apoptotic cells changed very little, all \<2%. Furthermore, after 72 h of incubation, it was observed that the apoptotic cells were almost all early apoptotic cells. Unlike these results, downregulation of RFC3 in ovarian cancer has been shown to induce a higher proportion of apoptotic cells, and after 24 h incubation, late apoptotic cells were revealed to account for the majority of apoptotic cells ([@b27-ijmm-44-06-2276]). In summary, RFC3 has a weaker effect on cell cycle progression and apoptosis in lung adenocarcinoma cells than in other cancer cells.

In this study, the results of Boyden chamber and wound-healing assays suggested that RFC3 may increase lung cancer cell invasion and migration. The expression levels of Wnt1 and the ratio of p-GSK3-β (Ser9)/GSK3-β were upregulated by overexpression of RFC3, which together may result in activation of the Wnt/β-catenin signaling pathway. The upregulation of p-GSK3-β (Ser9)/GSK3-β can lead to a decrease in the ability of GSK3-β to phosphorylate and degrade β-catenin ([@b35-ijmm-44-06-2276]). β-catenin is a prime downstream protein of the classical Wnt signaling pathway, which has a critical function in EMT. The accumulation of β-catenin leads to upregulation of the expression of the downstream protein c-MYC and affects EMT-related proteins (increases Vimentin and N-cadherin, and decreases E-cadherin) ([@b36-ijmm-44-06-2276],[@b37-ijmm-44-06-2276]). When RFC3 was knocked down, the aforementioned effects of RFC3 overexpression were reversed. In a previous study, microarray analysis and Ingenuity Pathway Analysis software were employed to explore the biological pathways and gene networks of RFC3 in esophageal adenocarcinoma ([@b28-ijmm-44-06-2276]). Pathway analysis of genes related to RFC3 expression indicated that the Wnt/β-catenin signaling pathway was enriched, but this prediction has not been further confirmed ([@b28-ijmm-44-06-2276]). RFC3 has been reported to promote EMT in triple-negative breast cancer cell lines; however, there is no evidence that RFC3 promotes EMT in triple-negative breast cancer cells by affecting the Wnt/β-catenin signaling pathway ([@b25-ijmm-44-06-2276]). This study indicated that RFC3 may induce EMT in lung adenocarcinoma cells via the Wnt/β-catenin pathway.

This research had some limitations. A relatively small number of cases was included in the study, and the TNM classifications were mainly stages I and II. To address this problem, extensive identification of cases with different TNM classifications and complete case follow-up data are required. Secondly, *in vivo* experiments and improved exploration of the RFC3 mechanism are required in the future. STRING database ([@b38-ijmm-44-06-2276]) and WebGestalt database ([@b39-ijmm-44-06-2276]) were used for bioinformatics analysis, however, the target protein through which RFC3 can affect the Wnt pathway has not yet been identified (data not shown). When the target protein has been identified, we aim to study its association with RFC3 *in vivo*. Thirdly, the study is retrospective; therefore, prospective studies and double-blind control studies are required to further verify the current outcomes. Finally, RFC3 expression in \"normal\" lung tissue was compared and analyzed by immunohistochemistry. The \'normal\' lung tissues came from the paracancerous tissues of the same patients, which might not truly represent normal tissue.

In conclusion, these data indicated that reduction or over-expression of RFC3 could attenuate or increase the invasion and migration of lung adenocarcinoma cells, respectively. In addition, this study revealed that RFC3 regulated lung adenocarcinoma biological behavior potentially by inducing EMT via the Wnt/β-catenin pathway, and RFC3 expression was closely associated with the clinical outcome of patients with lung adenocarcinoma. These findings suggested that RFC3 may provide a potential anticancer strategy for the treatment of metastasis of advanced lung adenocarcinoma.
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![Immunohistochemistry staining of RFC3 expression in different tissues. (A and B) RFC3 expression in lung adenocarcinoma tissues (high expression). (C and D) RFC3 expression in non-tumor lung tissues (low expression). (E and F) RFC3 expression in non-tumor lung tissues (negative expression). (A, C and E) Magnification, ×200; (B, D and F) magnification, ×400. RFC3, replication factor C subunit 3.](IJMM-44-06-2276-g00){#f1-ijmm-44-06-2276}

![Immunohistochemistry staining of RFC3 expression in different tissues. (A and B) RFC3 expression in lung squamous cell carcinoma (low expression). (C and D) RFC3 expression in non-tumor lung tissues (low expression). (A and C) Magnification, ×200; (B and D) magnification, ×400. RFC3, replication factor C subunit 3.](IJMM-44-06-2276-g01){#f2-ijmm-44-06-2276}

![Kaplan-Meier analysis of the association of RFC3 expression with overall survival and disease-free survival in 123 lung adenocarcinoma cases. Patients with high RFC3 expression exhibited markedly shortened survival time compared with the low expression group (log-rank test, P\<0.05). RFC3, replication factor C subunit 3.](IJMM-44-06-2276-g02){#f3-ijmm-44-06-2276}

![(A) Western blotting of RFC3 protein expression in three human primary lung adenocarcinoma (T) and paired adjacent non-tumor lung tissues (N); for each case, paired T and N tissues were analyzed. (B) Comparison of RFC3 protein expression in eight lung cancer cell lines (H460, A549, LK2, H1299, H3255, H1650, H1975 and H292) and one normal cell line (HBE). Semi-quantified data of three separate western blot analyses and representative images are presented. Relative intensities refer to the gray value of RFC3 protein divided by the gray value of the internal reference protein GAPDH. \*P\<0.05; ^\*\*^P\<0.01 vs. HBE cells. HBE, human bronchial epithelial; RFC3, replication factor C subunit 3.](IJMM-44-06-2276-g03){#f4-ijmm-44-06-2276}

![Representative data of immunoblotting of RFC3 in A549 cells transfected with the empty vector or RFC3 overexpression plasmid, and in H1299 cells transfected with the control siRNA or RFC3-specific siRNA. RFC3, replication factor C subunit 3; siRNA, small interfering RNA.](IJMM-44-06-2276-g04){#f5-ijmm-44-06-2276}

![Effects of overexpression or knockdown of RFC3 on cell migration. Following transfection of RFC3 overexpression plasmid and empty vector, or RFC3-specific siRNA and non-specific control siRNA, cell migration was assessed by Transwell migration assay. (A) Representative image data of A549 cells transfected with RFC3 overexpression plasmid and empty vector that migrated through the membrane (magnification, ×200); quantitative representation of the cell number obtained from three separate experiments. (B) Representative image data of H1299 cells transfected with non-specific control siRNA and RFC3-specific siRNA that migrated through the membrane (magnification, ×200); quantitative representation of the cell number obtained from three separate experiments. ^\*^P\<0.05. RFC3, replication factor C subunit 3; siRNA, small interfering RNA.](IJMM-44-06-2276-g05){#f6-ijmm-44-06-2276}

![Effects of overexpression or knockdown of RFC3 on cell invasion. Following transfection of RFC3 overexpression plasmid and empty vector, or RFC3-specific siRNA and non-specific control siRNA, cell invasion was assessed by Transwell invasion assay. (A) Representative image data of A549 cells transfected with RFC3 overexpression plasmid and empty vector that invaded through the membrane (magnification, ×200); quantitative representation of the cell number obtained from three separate experiments. (B) Representative image data of H1299 cells transfected with non-specific control siRNA and RFC3-specific siRNA that invaded through the membrane (magnification, ×200); quantitative representation of the cell number obtained from three separate experiments. ^\*^P\<0.05. RFC3, replication factor C subunit 3; siRNA, small interfering RNA.](IJMM-44-06-2276-g06){#f7-ijmm-44-06-2276}

![Effects of RFC3 overexpression on wound healing. Following transfection of RFC3 overexpression plasmid and empty vector, cell migration was further assessed by wound-healing assay in A549 cells. Representative image data of cells migrated during the wound-healing assay (magnification, ×100); quantitative representation of migration rate from three separate experiments. ^\*^P\<0.05. RFC3, replication factor C subunit 3.](IJMM-44-06-2276-g07){#f8-ijmm-44-06-2276}

![Effects of RFC3 knockdown on wound healing. Following transfection of RFC3-specific siRNA and control siRNA, cell migration was further assessed by wound-healing assay in H1299 cells. Representative image data of cells migrated during the wound-healing assay (magnification, ×100); quantitative representation of migration rate from three separate experiments. ^\*^P\<0.05. RFC3, replication factor C subunit 3; siRNA, small interfering RNA.](IJMM-44-06-2276-g08){#f9-ijmm-44-06-2276}

![Effects of RFC3 on the regulation of proteins associated with epithelial-mesenchymal transition and the Wnt/β-catenin signaling pathway. (A) RFC3 overexpression plasmid and empty vector were transfected into the lung cancer A549 cell line. (B) RFC3-specific siRNA and non-specific control siRNA were transfected into the lung cancer H1299 cell line. Total protein was extracted and subjected to immunoblotting of Wnt1, p-GSK3-β (Ser9), GSK3-β, β-catenin, c-MYC, E-cadherin, N-cadherin and Vimentin. Actin was used as a loading control. (A and B) Representative image data of immunoblotting, semi-quantitative representation of protein expression and ratios of p-GSK3-β/GSK3-β from three separate experiments. ^\*^P\<0.05, ^\*\*^P\<0.01. GSK3, glycogen synthase kinase 3; p-, phosphorylated; RFC3, replication factor C subunit 3; siRNA, small interfering RNA.](IJMM-44-06-2276-g09){#f10-ijmm-44-06-2276}

###### 

Expression of RFC3 in different tissues.

  Tissue type               n     RFC3 expression   χ^2^         P-value   
  ------------------------- ----- ----------------- ------------ --------- ---------------------------------------------------------
  Lung adenocarcinoma       123   66 (53.66)        57 (46.34)   18.732    \<0.0001[a](#tfn1-ijmm-44-06-2276){ref-type="table-fn"}
  Non-tumor lung tissue     123   98 (79.67)        25 (20.33)             
  Lung squamous carcinoma   42    35 (83.33)        7 (16.67)    0.389     0.533
  Non-tumor lung tissue     42    37 (88.10)        5 (11.90)              

P\<0.05, Pearson χ^2^ test. RFC3, replication factor C subunit 3.

###### 

Association between RFC3 expression and clinicopathological characteristics of 123 patients with lung adenocarcinoma.

  Variables         RFC3 expression   Total   χ^2^   P-value   
  ----------------- ----------------- ------- ------ --------- ------------------------------------------------------
  Total cases       66                57                       
  Sex                                                0.012     0.914
   Male             26                23      49               
   Female           40                34      74               
  Age                                                0.879     0.349
   ≤60 years        38                28      66               
   \>60 years       28                29      57               
  Smoking history                                    2.897     0.089
   Yes              27                15      42               
   No               39                42      81               
  TNM stage                                          6.409     0.011[a](#tfn2-ijmm-44-06-2276){ref-type="table-fn"}
   Stage I-II       60                42      102              
   Stage III-IV     6                 15      21               
  Differentiation                                    5.139     0.023[a](#tfn2-ijmm-44-06-2276){ref-type="table-fn"}
   Well             39                22      61               
   Moderate/poor    27                35      62               
  Size                                               2.328     0.127
   ≤3 cm            49                35      84               
   \>3 cm           17                22      39               
  Node status                                        5.747     0.017[a](#tfn2-ijmm-44-06-2276){ref-type="table-fn"}
   Positive         9                 18      27               
   Negative         57                39      96               

P\<0.05, Pearson χ^2^ test. RFC3, replication factor C subunit 3.

###### 

Univariate and multivariate analyses of the factors associated with overall survival of patients with lung adenocarcinoma.

  Variables         Univariate analysis   Multivariate analysis                                                                                    
  ----------------- --------------------- ----------------------- --------------------------------------------------------- ------- -------------- ------------------------------------------------------
  RFC3 expression   3.46                  1.660-7.209             0.001[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}      2.339   1.103-4.959    0.027[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}
  Sex               1.812                 0.933-3.517             0.079                                                                            
  Age               1.927                 0.980-3.792             0.057                                                                            
  Smoking history   1.504                 0.770-2.938             0.233                                                                            
  TNM stage         4.088                 2.051-8.148             \<0.0001[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}   0.588   0.211-1.636    0.309
  Differentiation   4.907                 2.141-11.249            \<0.0001[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}   3.143   1.321-7.478    0.010[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}
  Size              2.78                  1.431-5.401             0.003[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}      1.558   0.747-3.248    0.237
  Node status       5.578                 2.859-10.882            \<0.0001[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}   4.922   1.913-12.665   0.001[a](#tfn3-ijmm-44-06-2276){ref-type="table-fn"}

P\<0.05. RFC3, replication factor C subunit 3.
